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Abstract 
The set of incident angles, that yields stable cuts when conducting remote fusion cutting (RFC), is of great importance when 
scheduling multiple cuts on a work piece. This is due to their ability to determine how much the laser beam can be moved by 
angling the cutting head instead of translating it. This paper investigates how the stability of the RFC process is affected by changing 
the incident angle when processing stainless steel sheets. This investigation was conducted as an experimental study in which the 
angle of incidence was decomposed into a work angle and a travel angle. The stability was evaluated by an automatic procedure 
based on images acquired by a programmable microscope and a computer vision algorithm developed in MATLAB. The results 
showed that the stability of the RFC process was dependent on the work and the travel angle. It was also seen that a coherent region 
of stable incident angles could be found. All experiments were conducted with a 3kW single mode fiber laser at the laser processing 
laboratory at Aalborg University. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
With the recent advances within the field of high quality, high intensity lasers, the remote laser cutting (RLC) 
processes have come closer to an industrial realization. One of the main benefits of using RLC is the remote position 
of the cutting head. This remote position reduces the risk of collisions with the work piece and enables the technologies 
to be combined with scanner mirrors that can reposition the beam by deflection. These scanner mirrors enables the 
RLC processes to increase processing speeds to levels that cannot be obtained by the linear drives that controls the 
cutting heads used in traditional laser cutting (Zaeh, et al. 2010, Lu og Kujanpää 2013, Lütke, et al. 2008).  
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In remote fusion cutting (RFC) a cut is achieved by finding a parameter space where laser induced pressure 
phenomena ejects the molten material from the cutting kerf (Matti, Ilar og Kaplan 2013). This entails that the cut is 
achieved with only one exposure of the laser beam, in a process that resembles that of laser keyhole welding (Zaeh, 
et al. 2010). However, as the melt ejection principles are not fully understood yet and as RFC is sometimes described 
as being unstable for certain materials and parameters (Pihlava, et al. 2013), this reduces the industrial applicability 
of the process.  
To increase the performance of RFC, research is currently being conducted to increase the understanding of the 
melt ejection principle by mathematical modelling (Schober, et al. 2012, Matti, Ilar og Kaplan 2013, Otto, et al. 2011), 
and experimental studies (Schober, et al. 2012, Kristiansen, Villumsen og Olsen 2015).  In (Olsen, Hansen og Nielsen 
2009) and (F. O. Olsen 2011) another approach is taken to improve the melt ejection principle. Here it is proposed 
that tailoring of beam patterns or multi beam cutting can increase the melt ejection, resulting in increased quality and 
cutting rates. However, this process is still in an early stage of development and more research needs to be conducted 
to verify its benefits (Villumsen, Joergensen og Kristiansen 2014).  
The transition from traditional processing to remote laser processing has already happened with regards to the 
welding process in the automotive industry, where it has been shown that the transition from traditional resistance spot 
welding to remote laser welding (RLW) has the potential to reduce cycle times significantly (Park og Lee 2005).  
Recently research has been conducted in the field of developing automatic systems for scheduling of remote laser 
welds based on CAD/CAM technology to reduce the cycle times even further (ErdĘs, et al. 2013, Kovács 2013). These 
systems are however dependent on process knowledge obtained through experimental studies (Lu og Kujanpää 2013, 
F. Oefele og Zaeh 2008).  
To create similar scheduling systems for RFC it is necessary to obtain similar process knowledge with regards to 
e.g. cutting speeds and focus position. Due to the similarities between RLC and RLW such systems could be evolved 
into integrated RFC/RLW scheduling systems (Musiol, et al. 2012, Schäfer 2010). Several studies have been conducted 
on RFC, revealing many of the necessary process parameters with regards to laser power, cutting speeds, work piece 
thickness and beam diameter (Schäfer 2010, Kristiansen, Villumsen og Olsen 2015). However, within the field of 
scheduling, a parameter of particular interest is the allowable angle of incidence as it directly determines to what extent 
the beam can be moved by deflection instead of translation. These parameters have to our knowledge currently not 
been determined for RFC. This entails that the main contribution of this paper is: 
 
x To determine a set of incident angles that results in a stable RFC process that can be used in future planning 
frameworks 
 
This set of angles is denoted as the angular stability margins. These margins will be determined experimentally by 
conducting a series of experiments designed to evaluate a set of hypothesis outlined in section 2. 
 
The paper will be composed in the following way: In section 2 a set of working hypothesis and definitions will be 
presented. In section 3 the experimental procedure will be described. In section 4 the obtained results will be presented 
and finally, in section 5 conclusions will be drawn and the process itself will be discussed. 
2. Hypothesis and definitions  
As described in the introduction, the aim of this paper is to determine to what extent the RFC process remains 
stable when varying the incident angle of the laser beam. To do this it is necessary to define how the angle of incidence 
is represented and to determine how a measure of stability can be obtained. Finally a set of working hypothesis will 
be described that will be used for referencing in section 5. 
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2.1. Definition of angular representation 
To represent a point in space, 6 parameters are needed; three describing the position and three describing the 
orientation. The orientation is often represented in Euler angles or quaternions. However, if it is assumed that the 
beam is round symmetrical a two parameter representation can be used. The chosen representation decomposes the 
incident angle into a work and travel angle. This decomposition can be seen from Fig. 1. Here the travel angle is 
denoted Į and the work angle ȕ.  From this figure it is seen that both angles are defined as the angular deviation from 
a work piece normal, and thus a perpendicular beam will have a travel and work angle equal to 0ż. 
2.2. Definition of the measure of stability  
To evaluate how the incident angle effects the stability of the RFC process it is necessary to define what is meant 
by stability. Due to the quantitative nature of this paper it is necessary that stability is evaluated as a numerical quantity.  
The definition used throughout this paper will be based on the RFC process’ ability to eject the molten material from 
the cutting kerf.  
In the following it is assumed that when conducting RFC, the current state of the process is either stable or unstable. 
This entails that the definition of stability of a cut is based on the notion that the resulting cut can be divided into 
sections of stability and sections of instability. Sections of stability are characterized by an unblocked cutting kerf 
with a minimum length of݈௠௜௡. If the total length of the cutting kerf is denoted݈஼  and the total length of the stable 
regions is denoted݈ௌ , then the total stability  of a cut can be evaluated as a percentage as seen from equation (1). 
 
ܵ ൌ ௟ೄ
௟಴
ή ͳͲͲΨ                                                                            (1) 
 
By tuning the distance ݈௠௜௡ it is possible to remove small section where the cutting kerf has become partially 
unblocked due to turbulence in the cutting kerf. This definition entails that stability can be evaluated purely by 
evaluating the cutting kerf of the obtained cut. This ensures that all evaluations can be conducted without monitoring 
the process itself. The use of a percentage ensures that the stability is measured as a quantity that can be used as a 
baseline for comparing different cuts. It does however require an entire cutting kerf to be evaluated and it doesn’t take 
quality aspects into account. 
2.3. Working hypothesis 
As discussed in the introduction, the main aim of this paper is to determine the angular stability margins of the 
RFC process so that they can be used in future planning frameworks. This aim implicitly implies a hypothesis. 
Fig. 1. The definition of the work angle ȕ and the travel angle Į. The arrow indicates the cutting direction 
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I. The stability of the RFC process is dependent on the incident angle 
 
 Furthermore a set of hypothesis relating to the angular representation is constructed. This is done as it is expected 
that the angles obtained by the decomposition described in 2.1 can be used to reveal further information with regards 
to the stability of the process. 
 
II. The stability of the RFC process will be symmetrical around the work angle 
III. The stability of the RFC process will not be symmetrical around the travel angle 
IV. A coherent island of stability can be found which is bound by a set of travel and work angles 
 
Hypothesis III is inspired by the work conducted in (Schober, et al. 2012) which investigates the cutting front angle 
of the RFC process. As a change in the travel angle might change the front angle it is hypothesized that this will have 
an unsymmetrical effect on the stability results. Hypothesis II and IV are based on simple expectations of the outcome 
of the conducted experiments.  
3. Experimental procedure 
As described briefly in section 2, the aim of the paper will be to derive the stability margins for the RFC process 
based on a series of experiments that can be seen on Fig. 2.  
It is seen that an initial experiment is conducted – experiment 1. The obtained results are then analyzed by an 
automatic measurement procedure. These results will determine the focus position and travel speed for all subsequent 
experiments. With these results another series of experiments (experiment 2-4) can be conducted to determine how 
the incident angle effects stability. However, before these experiments are described, it is necessary to describe the 
common parameters for all experiments. 
3.1. Equipment and common parameters 
The experiments presented in the following will be conducted in the laser cutting laboratory at Aalborg University on 
the equipment shown in Table 1. Additionally they were all conducted on sheets of 0.5 mm stainless steel cut into 
120x100 mm rectangles with 6 cuts in each. All experiments were conducted with a gas pressure of 0 bar and with a 
laser power of 3kW. These parameters are summarized in Table 1. 
Table 1. Equipment and common parameters  
Equipment Type and manufacturer  Parameter Value 
Industrial robot KUKA Quantec  kr120 R2500   Power 3kW 
Laser  3kW IPG YLS-3000 (Single 
mode) 
 Material SST EN Type:X2CrNi19-11 
No. 1.4307 
Fig. 2. Design of experiment to determine angular stability margins for the RFC process. 
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Cutting head HighYag 470mm focal length  Thickness 0.5mm 
XY positioning system Q-sys  Gas pressure 0 Bar (Air cross jet) 
Fixture See Fig. 4    
 
A conceptual image of the experimental setup can be seen from Fig. 3. Here it is seen that the laser power is 
transmitted through a fiber (A) to the cutting head (B). The cutting head is mounted on an industrial robot (C) to allow 
for travel and work angle movement. A cross jet (D) is positioned below to prevent sparks and particles from entering 
the cutting head. The work piece and fixture (E) is positioned on a XY repositioning system (F) for better control of 
the cutting velocity.  
 
In all experiments the positioning of the work piece was done by the XY table, while the angling of the laser beam 
was conducted by the industrial robot. By defining a tool transformation from the robot end effector to the pivot point 
(G), it is possible to make the robot rotate around (G) while keeping the focus constant.  
To prevent warping of the work piece, a fixture was constructed.  From Fig. 4 it can be seen that it is constructed 
as a sandwich structure, with a loose top plate. When the top plate is removed, a metal sheet of 100x120 mm can be 
inserted in a slot in the bottom plate, then the top plate is put on top and clamps are used to fix the work piece. Six 10 
mm x 80 mm slits have been milled into the top and bottom plate to allow for cutting.  
3.2. Experiment 1: Effects of beam diameter and travel speed on process stability 
In section 3 it was outlined that an appropriate process window needs to be established with regards to beam width 
and cutting speed before experiment 2-4 can be conducted. This process window is found by doing a series of cuts 
with varying cutting speeds from 4000-13000mm/min in steps of 1000 mm/min. The beam diameter was also varied 
by moving the cutting head 1mm at a time, and thereby changing the focus offset. This resulted in a beam diameter 
ranging from 0.25 mm to 0.71 mm in steps of approximately 0.023mm. This is summarized in Table 2. 
Table 2. Table describing the process variables for experiment 1. 
 Speed Focus offset beam diameter: Work 
angle 
Travel 
Angle 
Repetitions Number of 
cuts 
Experiment 1 4000-13000 mm/min 
steps of 1000 mm/min 
+10 - +30 mm 
in steps of 1mm  
~0.25mm - ~0.71mm in 
steps of ~0.023mm 
0ż 0ż 3 630 
 
The focus offset is defined as the distance from focus point to the top of the sheet. In all cases the focus spot is 
located above the sheet surface. 
Fig. 4. The used fixture for RFC. Fig. 3. The lab setup when conducting the angular stability 
experiments, where the letters mark the depicted components. 
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3.3. Experiment 2-4: Effects of travel and work angle on process stability 
The goal of the second set of experiments is to determine the effect of work and travel angle on RFC stability. The 
experiments consist of three parts, one that determines the effect of the work angle, one that determines the effect of 
the travel angle and finally experiment 4 determines the effect of both travel and work angle. Experiment 2, 3 and 4 
will be done with steps of 2 degrees. These working parameters are summarized in Table 3. 
Table 3. Table describing the process variables for experiment 2-4. Speed and focus offset is based on results from 
experiment 1 
 Experiment 2 Experiment 3 Experiment 4 
Speed 7000 mm/min 7000 mm/min 7000 mm/min 
Focus offset +22 mm +22 mm +22 mm 
Work angle -20ż to 20ż in steps of 2ż 0ż -0ż to 15ż in steps of 2ż 
Travel angle 0ż -20ż to 20ż  in steps of 2ż -15ż to 15ż in steps of 2ż 
Repetitions 6 6 6 
Number of cuts 126 126 720 
 
In total this experimental design yields 1602 cuts that need to be analyzed. To automate the process of analyzing 
these cuts, an automatic algorithm for evaluating the stability was developed. This was done based on the definition 
of stability given in section 2.1. From experiment 4 it should be noted that only positive work angles are evaluated 
due to the underlying hypothesis with regards to symmetry around work angles. 
3.4. Evaluation of stability 
In section 2.1 it was discussed that the stability of the RFC process could be defined by its ability to expel the 
molten material from the cutting kerf. This entails that the stability can be assessed by dividing the cuts into segments 
of stability and instability. To do this a computer vision based algorithm have been developed. Images of the entire 
cutting kerf on all samples were taken with a Carl Zeiss Axio imager microscope with an x2.5 mm objective. By post-
processing these images a stitched image is produced, which is then processed by the developed algorithm. The 
computer vision algorithm were created to work in main 5 steps that can be seen from Fig. 5.   
In step (A) the position of the cutting kerf is determined in 20 different locations along the kerf (red dots). Based 
on a straight line though these points, a section of the image is cut out in (B). In step (C), a dynamic threshold converts 
the image into a binary image, and small sections of the image are removed by a length based morphological erode. 
Finally a sum is made over all pixel values in each columns of the binary image, and a graph is produced (D). After a 
Fig. 5. Image showing the various steps of the implemented computer vision algorithm 
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final threshold analysis, a measure of the cut percentage is determined and saved in a data structure. To ease the 
interpretation of the data, a new color layer is added to the original image which shows the result of the evaluation 
directly (E) – green equals a stable region red equals an unstable one. Notice that the erode operation used in step (C) 
removes the cut areas with a length smaller than a certain threshold. This is the implementation of݈௠௜௡ described in 
section 2.1 which ensures that small holes are disregarded when determining the percentage of cut as they are not the 
result of a stable RFC process. Based on the experiments it has been chosen to set݈௠௜௡ ൌ ͳͲ݉݉. This value has been 
chosen as it allows for relatively small sections of stability while it still rejects randomly occurring holes in the cutting 
kerf.  
4. Results 
The following section will describe the results obtained from experiment 1-4, but first the computer vision 
algorithm is evaluated.  
Fig. 6 shows the result of 5 different cuts analyzed with the developed algorithm. On this figure, green denotes 
stable sections of a cut and red unstable ones. As discussed in section 3.4 the minimum allowable length for open 
cutting kerfs was set to 10 mm, a value that in our experiments have proved to be a good tradeoff between accepting 
short stable cuts as seen in e.g. cut #16727 while suppressing the random holes observed in e.g. cut #16705. 
The results from the first experiment should yield an area of stability of the RFC process with regards to speed and 
focus position to be used in experiment 2-4.  The average cut stability from the three repetitions in the first experiments 
can be seen from Fig. 7Fig. 8.  Here it is seen that there is an island of stability in the area of 5000 - 10000mm/min 
and with a beam diameter of 0.35 - 0.65 mm. However it is also seen that within the island of stability, points exists 
with lower stability. Of importance is the point with speed equal to 7000 mm/min and beam diameter equal to 0.475 
mm with a cut stability close to 0 %.  From this figure it is also seen that the largest coherent area of stability is the 
area around 7000 mm/min with a beam diameter of around 0.55 mm. Fig. 8 shows the obtained minimum cut stability 
of the three runs at each of the presented parameter settings.  
Fig. 6. 5 analysed cuts with the implemented algorithm All cuts were done with work and travel angle =0ż (#16672 velocity = 6000mm/min, 
beam diameter = 0.592mm) (#16705 velocity = 9000mm/min, beam diameter = 0.71mm) (#16702 velocity = 6000mm/min, beam diameter = 
0.71mm)(#16727 velocity =7000 mm/min , beam diameter = 0.36 mm)( #16696 velocity =6000 mm/min , beam diameter =0.685mm) 
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It is seen that the area of the stable region of Fig. 7 is significantly reduced, and that the island of stability has 
become separated into two. It is however difficult to determine if this valley between 0.5 and 0.45 mm is produced 
purely by stochastic phenomenon. As the area around 7000 mm/min and a beam diameter of 0.545 mm still offers the 
largest area of stability, it has been chosen to conduct experiment 2-4 with these parameters. This is done as it is the 
point with the largest tolerance with regards to beam diameter which can vary between 0.5-0.65 mm while maintaining 
a high cut stability.  
The results from the second and third experiment can be seen from Fig. 10 and Fig. 9. From these images it is seen 
that there are bounds on the maximum and minimum work and travel angle. It is also seen that the work angle seems 
to be centered on 0ż. The travel angle cannot however be seen as symmetrical around 0ż, instead it seems to be centered 
around +4ż. From Fig. 10 it can also be seen that there is a tendency for worse cut stability as the process reaches 
negative angles. From both graphs it is also seen that the span between minimum and maximum stability is high with 
the 6 repetitions. It is entirely possible that a full plate of 6 experiments contains 5 cuts with a stability of 0% and one 
with a stability of 100 %.  
This entails that the process itself is very unpredictable even with identical process parameters. Furthermore an 
upper bound on the stability can be established as no cuts were obtained with angles (travel or work) above 20ż and 
no cuts with average stability score above 20% were obtained with angles above 15ż. 
Fig. 9 Shows the cut stability as a function of the work angle Fig. 10. Shows the cut stability as a function of the travel angle  
Fig. 7. Shows the average cut stability result from the three 
repetitions of experiment 1. 
Fig. 8. Shows the minimum cut stability obtained from the 
three repetitions of experiment 1 
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The results from Experiment 4, can be seen from Fig. 11. As described in section 3.3 only positive work angles have 
been evaluated due to symmetry. This has entailed that the results from positive work angles have been mirrored to 
negative work angles except for the data that has already been obtained in experiment 2. Fig. 11 shows the tendency 
from Fig. 9  and Fig. 10 which indicated that stable cuts are hard to obtain with large travel and work angles. It is 
however also seen that the non-symmetrical center point of the travel angle (found to be approximately +4ż) only 
exists with work angle = 0ż. Generally the area of stability is coherent and nicely bound byേ͸጖. It should however be 
noted that the large spans between minimum and maximum stability from experiment 2-3 are also present in 
experiment 4. This can be seen on Fig. 12 which shows the maximum stability of the 6 repetitions. A plot of the 
minimum stability of the 6 repetitions has not been included as it is generally 0% in all cases except for the points 
shown in Fig. 9 and Fig. 10.  
5. Conclusion and discussion 
In section 2.2 four hypothesis were presented. Hypothesis I stated that the stability of the RFC process should be 
dependent on the incident angle of the laser beam. Additionally it was hypothesized that if the angle was decomposed 
into a work and travel, the stability results would be symmetrical around the work angle axis (II). Furthermore it was 
hypothesized that the stability would not be symmetrical around the travel angle axis (III). Finally it was hypothesized 
that there exists a coherent region of stability bounded by work and travel angles (IV). These hypothesis were 
investigated through a series of four experiments. 
The first experiment determined a suitable process window for the RFC process with regards to beam diameter and 
travel speed. It was observed that the determined process window was not completely coherent and that there were 
areas where no cuts were obtained. From this experiment, a set point was chosen for investigating the effects of 
changes in work and travel angle. This entailed that all subsequent experiments were conducted with a travel speed of 
7000 mm/min and with a beam diameter of 0.55 mm. 
The second and third experiment showed the effect of changing the work and travel angle individually. From these 
experiments it can be concluded that the incident angle does effect stability of the RFC process and thus I can be 
confirmed. Furthermore the effect of the work angle on the stability of the process was symmetrical around 0ż which 
confirms hypothesis II. However, even if experiment 3 did show a tendency of non-symmetry for the travel angle, 
this didn’t seem to be the case when considering the full set of angles of experiment 4. This entails that it is necessary 
to conduct further research before III can be confirmed. 
The fourth experiment showed the effect of combined work and travel angles. From this experiment it was seen 
that there was a coherent area of stability centered on work angle=0ż and travel angle=0ż. This area is bound by േ͸጖ 
Fig. 11. The average cut stability of the six repetitions as a 
function of the work and travel angle 
Fig. 12. The maximum cut stability of the six repetitions as a function 
of the work and travel angle 
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with regards to both travel and work angle. These results indicate that hypothesis IV can be confirmed. However, it 
should be noted that the average level of stability, when varying the travel and work angle, is generally quite low with 
average stability values around 50%.  Additionally it should be noted that in almost all experiments repetitions with 
stability measures of 0% were obtained. Furthermore, from Fig. 7 it can be seen that even a 0.025 mm change in beam 
diameter can lead to large changes in stability. 
These results indicate that it is possible to construct a set of angular stability margins for the RFC process. However, 
the presented results were all conducted in 0.5 mm SST with a 3kW single mode fiber laser. Further research should 
indicate to what extend these stability margins depend on material, laser power and laser type.   
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